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Executive Summary
This report summarizes the results and findings of a Mid-America Transportation
Research Center (MATC) research project No. 25-1121-0003-292. It is focused on the
measurement of strain distributions and crack detection in unbonded and bonded pavement
overlays. The main objectives of this study are: (a) to characterize the strain sensing properties of
distributed fiber optic sensors with recently-developed pulse pre-pump Brillouin optical time
domain analysis (PPP-BOTDA), (b) to develop an installation method for real world
applications, (c) to document the performance of the PPP-BOTDA technology in
unbonded/bonded pavement applications, and (d) to develop a numerical model to facilitate the
analysis of mechanical behaviour of unbonded pavement overlay under vehicle wheel loads.
A thin concrete layer can be cast on top of a severely deteriorated pavement layer with a
fabric sheet in between to rapidly and cost-effectively improve the driving condition of existing
roadways. Once cured, the concrete layer is divided into many panels and often referred to as the
unbonded Portland cement concrete (PCC) overlay. The service life of PCC overlays can be
appreciably extended by appropriate rehabilitation strategies at early stages of deterioration
based on the information provided by health monitoring. The strain distribution and crack
detection are of interest to engineers in this application.
Minor or moderately deteriorated existing concrete pavements can also be resurfaced
with a thin concrete layer to improve their driving condition. In this case, potential cracks in the
existing pavement may easily penetrate through the new concrete layer. The way the potential
slip at their interface develops over time is an interesting question to answer.
This study reports an application of a commercial single mode optical fiber to measure
strain distributions in full-scale fiber reinforced unbonded overlays. Prefabricated cementitious
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mortar grid instrumented with distributed fiber optic sensors, namely smart grid, was developed
and proposed to address the logistics of handling delicate optical fibers, and thus facilitate the insitu construction. The smart grids can be laid on top of the fabric sheet and embedded in concrete
overlay. With the proposed method, the pavement overlays instrumented with distributed sensors
were successfully constructed in Minnesota’s Cold Weather Road Research Facility (MnROAD).
The optical fibers were characterized on a precision load frame at room temperature. A
Neubrescope was used to measure strain distributions based on the pulse pre-pump Brillouin
optical time domain analysis (PPP-BOTDA). The overlays were subjected to repeated truck
loads and eventually cracked. Strain distributions were obtained from the distributed fiber optic
sensor. Cracks were identified and localized by mapping the strain distribution in which the
sharp peaks represent the cracks. The strain distribution was further investigated using a threedimensional finite element model incorporating nonlinear boundary conditions. Opening
between substrate and overlay concrete was demonstrated, and strain distributions in overlay and
substrate concrete were determined with the numerical model.
For the bonded concrete overlays on existing pavement, a delamination detection method
was developed and implemented using the distributed fiber optic sensors. Delamination can be
identified as sharp peaks in the measured strain distributions.
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Chapter 1 Introduction
Unbonded Portland cement concrete (PCC) overlays have received increasing attention in
new highway constructions and existing pavement rehabilitations (Ioannides and Sengupta 2003,
Liao 2011, Burnham 2013). Thin PCC overlays have been cast on top of an existing pavement
with a separation fabric layer to prevent the propagation of reflection cracking that has been
observed in bonded concrete overlays. However, they can be more vulnerable to cracking than
thick overlays due to reduced thickness and thus increased strain under the same vehicle load.
Cracks can potentially accelerate the deterioration and reduce the service life of concrete
pavements (Raoufi 2010). Therefore, strain measurement and crack detection are critically
important in the maintenance and management of U.S. paved highway roads (Zhang et al. 2014),
which exceed 4 million km in length according to the Bureau of Transportation Statistics in the
United States Department of Transportation (USDOT 2014).
Point or localized sensing and non-destructive evaluation technologies have been
developed to monitor strain and cracking in concrete structures. For example, vibrating wires and
fiber Bragg gratings (FBG) were embedded in concrete pavement to measure strains and, by
identifying sudden jumps in the strain measurements, perhaps detect one or more cracks when
they happen to cross the sensors over their gauge length (Azenha et al. 2009, Lu and Xie 2007,
Stephen 2012). Multiple FBG sensors were connected in series and multiplexed to increase the
likelihood of crack detection with a so-called quasi-distributed fiber optic sensor (Zhao and
Ansari 2001). In general, the point sensors have three disadvantages: (i) low in success rate for
the detection of unknown cracks, (ii) costly for a long distance deployment of highway roads,
and (iii) inaccurate in strain measurement in thin pavement overlays since the dimension of
sensors is often comparable with the overlay’s thickness, and thus the presence of the sensors can
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alter the strain field to be measured. Acoustic emission (AE) was also used to detect cracking in
concrete structures (Ouyang et al. 1991). However, AE signals are very noisy and thus highly
depend on the design of noise filters in data interpretation.
Distributed sensing technology may be advantageous over the point sensing and nondestructive evaluation technologies. For example, coaxial cable sensors were invented and
successfully applied to measure strain distributions and detect a wide range of cracks, from
visually invisible to excessive corresponding to the failure of a full-scale reinforced concrete
girder (Chen et al. 2005). However, coaxial cable sensors are presently unavailable in market and
their measurement is potentially affected by passing vehicles on highways since the
electromagnetic signals travelling in the cables are not immune to electromagnetic interference
(EMI). Considering these constraints, distributed fiber optic sensors are likely a better choice for
this application due to cost effectiveness, EMI immunity, and robustness in harsh environments
(Bao and Chen 2011, 2012).
Light scattering-based sensing technologies provide excellent opportunities for
distributed sensing of strain and temperature along an optical fiber (Bao and Chen 2011, 2012).
Due to the advantages, such as large measurement range and continuous sensing ability besides
reduced size and weight, EMI immunity, and robustness in harsh environment, fully distributed
optical fiber sensors have attracted intensive research interest worldwide and are being studied
and successfully applied in various research areas. The technology can be implemented in
various applications such as strain distributions or crack detection in civil engineering structures,
ground settlement or sliding damage monitoring, and detection of pipeline leaking or buckling
(Bernini et al. 2007).
Light propagating in the form of an oscillating electromagnetic field interacts with the
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atoms and molecules of an optical fiber. When its wavelength is not in resonance with that of the
medium, the electric field induces a time-dependent polarization dipole. The induced dipole
generates a secondary electromagnetic (EM) wave, called Rayleigh, Brillouin, or Raman
scattering (Bao and Chen 2011, 2012). Rayleigh scattering is a linear scattering process in which
the scattered power is simply proportional to the incident power. Since no energy is transferred
to the optical fiber in Rayleigh scattering, the frequency of the scattered light remains the same
as that of the incident light, which is referred to as elastic scattering. It is attributed to nonpropagating density fluctuations. In figure 1.1, the two lines located immediately on the two
sides of the Rayleigh peak represent Brillouin scattering. They are contributed by the scattering
of sound waves moving in opposite directions. The left peak with a downshifted frequency is
called the Stokes peak, while the right one with an up-shifted frequency is called the anti-Stokes
peak. Raman scattering is contributed by the interaction of the light wave with molecular
vibration in the medium. Both Brillouin and Raman scatterings are inelastic because they are
associated with frequency shifts. The last mechanism that can be observed is the Rayleigh wing
scattering attributed to fluctuations in the orientation of anisotropic molecules. Raman spectra
usually contain many sharp bands separated by the electronic vibration, each resulting from
molecular rotation or reorientation excitations (Bao and Chen 2011, 2012). Spontaneous
scattering means that the input light is scattered without significantly changing the optical
properties of the medium, including Rayleigh scattering, Brillouin scattering, and Raman
scattering. Otherwise, when the light intensity increases to a level, if the properties of the
medium are modified and the scattered light is proportional to the power of the input light, this
regime becomes stimulated and the scattering process is named stimulated scattering. The
evolution from spontaneous to stimulated scattering corresponds to a transition of the medium
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behavior from a linear to a non-linear regime. Figure 1.1 shows a typical spontaneous scattering
spectrum from solid state matter.

Figure 1.1 Light scattering spectrum

Optical time domain reflectometry (OTDR) profiling the intensity of Rayleigh
backscattering along the length of an optical fiber was first introduced to monitor signal
attenuation along an optical fiber to detect fault in telecommunication cables (Barnoski et al.
1977). It was then used to invent various novel fiber optic sensors for strain, temperature, and
displacement monitoring with spatial resolution up to half a meter (Yilmaz and Karlik 2006,
Pinto et al. 2006, Wan and Leung 2007). Polarization optical time domain reflectometry
(POTDR) used a broadband frequency laser of ~0.1 nm to create a polarized pulse of light. The
signal attenuation modulated with the local polarization state change is detected by Rayleigh
backscattering. Polarization properties of an optical fiber can be modulated with various
parameters such as pressure, strain, temperature, electrical and magnetic fields. However, the
contributions of individual parameters are often difficult to separate (Rogers 1980, Hartog et al.
1980). Coherent OTDR (COTDR) means low coherent OTDR using coherent detection (Takada
et al. 1991). Because the distances between scattering centers (particles) are smaller than the
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wavelength of light in the optical fiber, the secondary light waves from Rayleigh scattering are
coherent. Hence, the resulting intensity is the addition of the scattered fields. Coherent detection
is realized by optical mixing of the backscattered light and reference light. With the balanced
detection technique, the DC noise is reduced significantly, which gives a shot noise limited
sensitivity of -140 dB at a 3 Hz bandwidth for millimeter spatial resolution when the sensing
length is reduced to the distance in which the photon counting technique is introduced
(Wegmuller et al. 2004). Phase OTDR utilizes a laser source with narrow spectral line width and
low frequency shift to form the interference of Rayleigh backscattered signals whose amplitude
can be modulated with vibration (Lu et al. 2010, Juarez et al. 2005, Qin et al. 2011). Phase
OTDR means coherent light source with direct detection. In this case, a kHz line width laser is
used with short pulses for coherent detection or large pulses for direct detection, where the
spatial resolution of a few hundred meters can be achieved over with 12 km of fiber for intrusion
sensing (Bao and Chen 2012). Accurate location information can be identified because of
coherent Rayleigh scattering, unlike polarization OTDR, which can only be used as an alarm
system to locate a starting point of fiber due to the continuous state of polarization (SOP) change
in the optical fiber. Generally, the spatial resolutions of OTDR technologies are related to the
pulse width in optical domain and thus the bandwidth of the detector, electrical amplifier and
digitizer in electronic and digital domains. Millimeter spatial resolution measurement will
require a bandwidth in the range of tens of GHz and will thus require a very expensive and
sophisticated system (Bao and Chen 2011, 2012). Alternatively, optical frequency domain
reflectometry (OFDR) can convert the frequency response into time domain via the Fourier
transform so the spatial resolution with OFDR does not depend on bandwidth of the detector or
digitizer (Kingsley and Davies 1985, Soller et al. 2005).
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Brillouin scattering in an optical fiber describes the interaction of a light wave (photon)
with an acoustic wave (phonon) that is equivalent to a characteristic density variation along the
fiber, including spontaneous and stimulated Brillouin scatterings. Whether the Brillouin
scattering is stimulated or spontaneous depends on whether the input light is scattered with
strongly changing property of the medium (Bao and Chen 2011, 2012). The first demonstration
of Brillouin scattering spectrum in a distributed fashion was based on stimulated Brillouin
scattering (Horiguchi et al. 1989), namely Brillouin optical time domain analysis (BOTDA),
which used pump and probe waves counter-propagating in an optical fiber. When the frequency
difference between the pump pulse and probe continuous wave (CW) matches with the local
Brillouin frequency, Brillouin gain or Brillouin loss will happen at that location. The Brillouin
frequency shift can be modulated with strain and temperature changes (Brown and Hartog 2002,
Belal et al. 2010). Distributed temperature measurement with 3°C temperature accuracy and a
spatial resolution of 100m over a sensing length of 1.2 km was demonstrated (Culverhouse and
Jackson 1989, Kurashima et al. 1990). Brillouin optical time domain reflectometry (BOTDR)
was proposed with the advantage of monitoring the system from one end of a sensing fiber
(Shimizu et al. 1993). Performance was improved by coherent detection with the total sensing
length increased to 11 km with similar spatial resolution and temperature accuracy. However, the
spatial resolution is around meter range, which is mainly limited by the pulse width. The key to
achieving long distance fiber sensing is to limit the pump power so that low gain can be
maintained over the entire sensing length, preventing gain saturation of the Stokes wave and
reducing pump wave depletion. In addition to the power requirement, polarization state matching
is also critical, as the choice of SOP for pump and probe waves should maintain modest gain
over the entire sensing length, rather than high gain at the front of the fiber section. This is very
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different from the condition of short sensing length, in which SOP matching is required to have
as much gain as possible. On the fiber side, high stimulated Brillouin threshold fiber is preferred
for long sensing lengths to ensure low Brillouin gain over the entire fiber (Bao et al. 1993, Bao et
al. 1995).
Narrower bandwidth pulse can lead to higher resolution. However, it may not be able to
stimulate sufficient acoustic waves. To generate significant stimulated Brillouin scattering, the
pulse bandwidth must be longer than the phonon relaxation time. It has been demonstrated that
28 ns are required to get the phonon fully stimulated, which corresponds to 3 m spatial
resolution. To solve this problem, pulse pre-pump Brillouin optical time domain analysis (PPPBOTDA) was proposed to take advantage of a pre-pump pulse that stimulates the phonon before
a narrow bandwidth pulse arrives and thus, a centimeter spatial resolution has been achieved
(Kishida and Li 2006, Kishida et al. 2009, Kishida et al. 2012). At the same time, frequency
domain distributed sensing technologies have been developed, such as Brillouin optical
frequency domain analysis (BOFDA) (Garus et al. 1997, Golgolla and Krebber 2000) and
Brillouin optical correlation domain analysis (BOCDA) (Hotate and Hasegawa 2000). For
BOFDA, 3 cm spatial resolution has been realized over 9 m measurement distance (Bernini et al.
2012). For BOCDA, 1 cm spatial resolution has been reported over a short measurement distance
(Hotate and Tanaka 2002) and 7 cm spatial resolution has been realized with 1 km measurement
distance (Hotate 2011). With a differential Brillouin gain based on differential pulse-width pair
(DPP-BOTDA) technology, the time-domain waveform is subtracted at the same scanned
Brillouin frequency obtained from light pulses with different pulse widths, and the spatial
resolution is appreciably improved to 2 cm with 2 km sensing length (Li et al. 2008, Hao et al.
2010, Dong et al. 2012).
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In this study, PPP-BOTDA was used to measure the strain distribution in
unbonded/bonded pavement overlays instrumented with distributed fiber optic sensors. To
facilitate sensor installation, a cementitious mortar grid instrumented with distributed fiber optic
sensors was prefabricated and then embedded in concrete overlay. Strain distributions were
measured from the distributed sensors. In addition, numerical simulations were conducted to
study the strain field in the unbonded pavement system.
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Chapter 2 Experimental Study on Shrinkage-Induced Strains and Monitoring
2.1 Data Acquisition System
Neubrescope NBX-7020, as shown in figure 2.1, combines four independent distributed
fiber optic sensing technologies and their hybrid modes. The four independent sensing
technologies include pulse pre-pump Brillouin optical time domain analysis (PPP-BOTDA),
Brillouin optical time domain reflectometry (BOTDR), tunable wavelength coherent optical time
domain reflectometry (TW-COTDR), and coherent optical time domain reflectometry (COTDR).
When the hybrid mode of PPP-BOTDA and TW-COTDR is applied, simultaneous strain and
temperature measurements can be taken based on the different strain and temperature
coefficients of Brillouin and Rayleigh scatterings. The measured distance can be up to 25 km.
The readout resolution is up to 1cm, and the spatial resolution is up to 2 cm. The strain
measurement ranges are -30,000 to +40,000 με (-3% to 4%) for PPP-BOTDA, and -15,000 to
+20,000 με (-1.5% to +2%) for TW-COTDR. With strain-free ultraviolet (UV) coated optical
fibers, measurement accuracies are 7.5 με / 0.35 ºC for PPP-BOTDA, and 0.5 με / 0.05 ºC for
TW-COTDR. Their corresponding measurement repeatability is 5 με / 0.25 ºC for PPP-BOTDA
and 0.2 με / 0.01 ºC for TW-COTDR.

Figure 2.1 Neubrescope NBX-7020

11

2.2 Load frame
A low capacity load frame (Instron 5965 with a capacity of 100 N) was used to test
delicate optical fibers as shown in figure 2.2. It has up to 2.5 kHz data acquisition rate option
simultaneous on load, extension, and strain channels with a displacement rate of 0.001~3000
mm/min (0.00004~120 in/min). It has automatic transducer recognition for load cell and
extensometer. The load measurement accuracy is ±0.5% of reading down to 1/1000 of load cell
capacity option (2580 series load cells).

Figure 2.2 Load frame Instron 5965

2.3 Distributed Fiber Optic Sensor
Flexible optical fiber is made of high quality extruded silica glass, including a transparent
core surrounded by transparent cladding. Typically, the refractive index of the core is higher than
that of the cladding, thus forcing a total internal reflection (TIR) of travelling light at the
interface of core and cladding. The light beam can be kept in the core, as shown in figure 2.3,
namely waveguide. In terms of the propagation mode, both single mode fiber (SMF) and multi12

mode fiber (MMF) are widely used. A SMF is usually composed of 8.2-μm core and 125-μm
cladding, as illustrated in figure 2.3. Considering its fragile nature, silica fiber is usually
protected with a coating applied outside of the cladding.

Figure 2.3 Schematic of TIR in a bare optical fiber

In this study, Corning SMF-28e+ fiber is used as distributed fiber optic sensors. It is made
of acrylics by UV curing. A dual-layer coating system is adopted. The glass is coated with an
inner primary coating that is usually made of soft and rubbery material that cushions the glass
from external mechanical impact loading. The inner primary coating is surrounded by an outer
primary layer that is made of much stiffer material in order to protect the fiber from abrasion and
environmental exposure. Both coatings are a mixture of raw materials (monomers, oligomers,
photoinitiators, and additives). The cross section of BF is shown in figure 2.4. The inner and
outer coatings are applied sequentially in a liquid form as the glass fiber is drawn. They are
sequentially cured by exposure to UV light sources.
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Figure 2.4 Structure of optical fiber with dual-layer coating

2.4 Characterization of Distributed Fiber Optic Sensors
2.4.1 Experimental Program
Each optical fiber was tested in uniaxial tension with a low capacity load frame at room
temperature. Both mechanical and opto-mechanical tests were conducted as shown in figure 2.5.

Figure 2.5 Tensile test setup

The mechanical tests were carried out to determine the mechanical property of optical
fibers at room temperature (22°C), including the ultimate strength and the ultimate strain. Each
fiber was tested to failure in displacement control with a loading rate of 2 mm/min. The loading
force and extension were measured by embedded load transducer and extensometer in the load
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frame, and recorded by the load frame. Given its initial length, each fiber was characterized with
a force-strain relation from which the ultimate strength and the ultimate strain could be
determined. With its fragile nature, each optical fiber was anchored with sufficient contact length
to the load frame’s grips, which was enhanced by protective sleeves. Each protective sleeve is
composed of two polymer tubes with a steel bar in between. The optical fiber can be tightly
gripped by the sleeve that could be in direct contact with the load frame.
The opto-mechanical tests were conducted with each optical fiber spliced with a
communication cable and a FC/APC connector. Based on the estimated ultimate strain of a
representative optical fiber, the increment of the loading process can be determined as
appropriate. While the tensile strain in the optical fiber was incrementally increased and
measured using the load frame, the distribution of the Brillouin frequency shift was
simultaneously measured using the Neubrescope. At each increment, the strain measured from
the load frame was correlated to the Brillouin frequency from the Neubrescope with PPPBOTDA. Since the ambient temperature was kept constant, the Brillouin frequency shift was
affected by the strain change only, from which the strain-frequency sensitivity coefficient can be
determined.
2.4.2 Mechanical Properties
Ten optical fibers were tested to determine the mechanical properties. One of the
measured force-strain relationships are shown in figure 2.6. The load linearly increased with the
strain until the optical fiber ruptured. The tensile strength of the fiber was around 26 N and the
corresponding strain was about 26,000 με (2.6%). The slope represents the fiber’s tensile
stiffness and can be obtained by linear regression. The slope was determined to be 9.63×10-4
N/με. The average tensile strength and strain capacity were determined to be 26 N and 2.6×104
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με, respectively. In a previous study (Chen et al. 2014), the determination of mechanical
properties was mentioned; however, the obtained tensile strength and strain capacity were not
correct. The failure mode was rupture of coating and pull-out of glass fiber. The fibers were not
ruptured, so the tensile strength and strain capacity were greatly underestimated.

Figure 2.6 Force-strain relationship of optical fiber under tensile test

2.4.3 Strain Sensitivity Coefficient and Characteristics of PPP-BOTDA Measurement
The strain sensitivity and characteristics of PPP-BOTDA measurement have been
introduced in the author’s previous study. For convenience, the results are briefly introduced
here. Figure 2.7 shows the Brillouin frequency shift associated with the strain obtained from the
Instron. The slope represents the strain-frequency sensitivity coefficient, and can be determined
to be 5.41×10-5 GHz/με by linear regression. The coefficient of determination was close to 1,
indicating good correlation.
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Figure 2.7 Calibration of optical fiber with PPP-BOTDA

In accordance with the comparisons of the strain measurements from both NBX-7020 and
extensometer, the strain measurement accuracy of the bare SMF-28e+ fiber was very good. For
PPP-BOTDA measurements, the variations of strain measurement were very small.
For PPP-BOTDA, up to 1-cm readout resolution and 2-cm spatial resolution can be
realized for UV coated SMF. Along the fiber one data point is collected every centimeter, and
the strain values of any two points with a distance no less than 2 cm are expected to be
distinguished.
2.6 Measurement of Shrinkage in Cementitious Mortar
One standard specimen was prepared and tested at room temperature (22±1°C) according
to ASTM C1698. It was a 380 mm long corrugated cylinder with a groove diameter of 20 mm
and a ridge diameter of 25 mm. As shown in Figure 2.8, the cylinder was cast in a 380 mm long
corrugated polyethylene (transparent) mold with two 20 mm long specially shaped end plugs (20
mm in diameter). The plastic tube was retained, and the mortar was considered sealed and used
to measure the autogenous shrinkage of a corrugated cylinder. The specimen was air cured at
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60±3 % relative humidity and 22±1°C temperature. The initial and final setting times were
determined by the Vicat Needle test according to ASTM C191.

Figure 2.8 Illustration of the sealed specimen (unit: mm)

The mortar tested in this study corresponds to an ultra-high-performance mixture that
exhibits high autogenous shrinkage at early age. The water/cementitious material/sand mixture
design of the mortar was set to be 0.2/1.0/1.0 by weight. The cementitious material consists of
40% Type III cement and 60% Class C fly ash by volume. To improve the workability,
superplasticizer dosage corresponding to 1.2% of the cementitious material was added.
The specimen was instrumented with two distributed optical fiber sensors that were
closely deployed approximately 1 mm inside the specimen surface at grooves. One sensor was
directly bonded to the mortar to measure the combined effect of strain and temperature. The
other sensor was placed inside a 450 mm long steel tube with inside and outside diameters of 0.5
and 1.0 mm, respectively, in order to measure temperature only, which was used to separate the
temperature from the combined strain and temperature effect in the first measurement. To
simplify the measurement process, two sensors in each specimen were connected in series so that
one measurement was sufficient to evaluate both temperature and strain along the length of the
optical fiber (Bao et al. 2015).
To protect the two optical fiber sensors from damage during mortar casting, they were
placed inside a 450 mm long aluminum tube with inside and outside diameters of 3 and 4 mm,
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respectively, as illustrated in figure 3(a). Prior to mortar casting, the aluminum tube was passed
through a 5 mm-diameter hole drilled on each end plug of the corrugated mold. After
approximately 5 minutes of mortar casting, the aluminum tube was removed, leaving the optical
fiber sensor used for strain and temperature measurements, and the steel tube with the second
optical fiber sensor for temperature compensation in direct contact with the freshly cast mortar.
This process proved efficient to embed the optical fiber sensors. No air pockets can be observed
near the sensor, as shown in figure 2.9.

Figure 2.9 Preparation and microstructure of the specimen instrumented with optical fiber
sensor: (a) illustration of the preparation, and (b) longitudinal profile of the specimen

It was observed during casting that the mortar with 0.2 w/cm ratio was easy to flow yet
stable to prevent potential segregation of the mortar ingredients. This property was desirable for
installation of the optical fiber sensor following the proposed procedure. The initial and final
setting times determined by the Vicat Needle test were 75 and 300 min, respectively.
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At various curing times up to 14 days after the final setting, the SBS along the length of
each optical fiber was measured by a commercial Neubrescope (Model: NBX-7020). As
indicated in equation 1, the Brillouin frequency shift due to strain effect alone was evaluated by
subtracting the temperature-induced frequency shift from that of the distributed optical fiber
sensor as a result of combined strain and temperature effect. For comparison and validation, the
ASTM standard test for shrinkage measurement was conducted at corresponding curing times.
Figure 2.10 shows the strain distribution along the embedded optical fiber in the mortar
specimen after 1, 3, 7, and 14 days of curing after final setting. The horizontal axis represents the
distance of optical fiber measured from its connection to the measurement instrument
(Neubrescope). The portion of optical fiber in direct contact with mortar is specified in figure
2.10. The strain measured along the length of the mortar specimen was negative and not uniform,
indicating non-uniform compressive strain due to shrinkage. For convenience in the following
discussion, shrinkage strain (positive) is referred to the absolute value of the measured strain
(negative). Shrinkage strain values at 2.87-2.99 m along the fiber length are consistently larger
than those at 3.03-3.23 m; the minimum value occurred at 2.99-3.03 m as marked between the
two vertical lines, where a shrinkage induced crack was observed on the surface of the test
specimen. Each strain peak corresponded to the location of the crack. The release of shrinkage
strain near the crack was small and slightly increased over time; the crack affected zones
bounded by the two vertical lines at various curing ages were nearly identical. Both observations
from figure 2.10 indicated that the crack was small and slightly widening over time and the
optical fiber remained perfectly bonded to the mortar.
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Figure 2.10 Strain distribution measured by optical fiber sensors

Figure 2.11 compares the proposed method with the ASTM standard test. The average
value of each strain distribution is in agreement with the corresponding strain measured by
ASTM C1698. The ASTM method gives the average shrinkage strain of the specimen by
dividing the directly measured shrinkage deformation between the two ends of a specimen by the
specimen length. Therefore, the ASTM method cannot be applied to investigate the non-uniform
shrinkage behavior over the specimen length. Each error bar in figure 2.11 represents the
maximum and minimum strain values of various strain distributions at different curing ages. The
maximum value corresponds to the peak of each strain distribution shown in figure 2.10. The
shrinkage strain increased rapidly at the beginning of curing and became stabilized after
approximately seven days.
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Figure 2.11 Comparison of the ASTM standard test and the proposed method

Based on the experimental results, early age autogenous shrinkage strain in cement-based
materials is not uniform. It can be measured from the proposed optical fiber sensor. The average
value of distributed strain is in agreement with that determined using the ASTM standard
method. A shrinkage-induced crack can be visually identified from the strain distribution
measured from the optical fiber sensor so long as it intercepts the optical fiber. The location of a
crack is represented by its corresponding strain peak. The width of the crack is closely related to
the magnitude of the strain peak.
2.7 Summary
Strain sensitivity coefficient of the distributed fiber optic sensor was experimentally
calibrated to be 0.0541 MHz/με. The optical fiber’s mechanical performance was evaluated. The
tensile force capacity is about 26 N, and strain limit is about 26,000 με (2.6%).
The distributed sensor was successfully used to measure autogenous shrinkage in
cementitious mortar. The measurement was in agreement with the ASTM standard method. Nonuniform shrinkage was detected by the distributed sensor, and crack was identified from the
strain distribution.
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Chapter 3 Fabrication of Smart Grid
3.1 Concept of the Smart Grid
Considering the optical fiber’s fragility to shear force, its operation in real practice needs
extra attention to ensure its survival during construction. An installation method applicable for
field practice was proposed and implemented in the authors’ previous study (Chen et al. 2014). A
thin mortar layer was cast in-situ to encapsulate the optical fiber and thus provided mechanical
protection. However, while applicable, it is time-consuming to cast mortar in the field and repair
the optical fiber damaged during installation or mortar casting.
In this study, mortar grid instrumented with distributed fiber optic sensors, namely smart
grid, was designed and implemented in the field. Figure 3.1 illustrates the smart grid. An optical
fiber is continuously deployed in the mortar grid. The optical fiber forms a loop for light signals
passing through. The thick lines (in green) represent the fiber portions isolated from strain or
deformation change, for temperature compensation. Two-dimensional strain distributions can be
measured and mapped using the smart grid. In addition, multiple cracks can be detected from the
measured strain distributions (Chen et al. 2014). Cracks can be represented by sharp strain peaks
and located at positions of the peaks (Bao et al. 2015).

Figure 3.1 Smart grid – a prefabricated mortar frame with one embedded distributed fiber optic
sensor
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The smart grid can be prefabricated in a plant at a high quality, placed on existing
pavement, and cast over with fresh concrete to complete a concrete overlay with an embedded
sensor. It can potentially be implemented in reinforced concrete structures such as buildings,
bridges, and tunnels. For example, a smart grid can be installed in the bridge deck or floor slab in
buildings to provide strain and temperature measurements. The smart grid can be made of
common cementitious mortar and telecom optical fiber, both inexpensive. Therefore, it is a costeffective solution to the monitoring of pavement.
3.2 Preparation of Distributed Fiber Optic Sensor
Typically each distributed fiber optic sensor consists of sensor portion, transmission
cable, and connector to a data acquisition system, as illustrated in figure 3.2. In theory, the sensor
portion and the transmission cable could be the same. In practice, however, they may have
different packaging structures depending on specific applications. For example, the transmission
cable is usually packaged with multiple layers of protective coating and sheath in order to ensure
its survivability under brutal actions at construction sites. The sensor portion may be covered for
mechanical protection when used for temperature measurement, but not be protected with loose
sheath for strain measurement to ensure its accuracy and sensitivity. In the case that the strain
sensor portion must be coated for minimum protection, strain transfer through the coating must
be taken into account.
Different types of optical fibers can be connected in series to fit a specific need in
application. For instance, when two distributed sensors are used to monitor two separate areas,
they can be connected with a transmission cable. When the temperature change is insignificant,
the transmission cable that is isolated from strain or deformation effect can serve as a distributed
temperature sensor and provide temperature compensation for its adjacent strain sensors.
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Figure 3.2 Structure of distributed fiber optic sensor

Multiple optical fibers can be spliced into one for overall measurement using the fusion
splicing technique. The splice loss was controlled within 0.02 dB. Figure 3.2 shows a fusion
splicer. To perform fusion splicing the protective coating needs to be removed, and the optical
fiber will become fragile without the coating. To ensure that the fiber survives this action,
sleeves are used to protect the splicing points.

Figure 3.3 Fusion splicer
3.3 Fabrication of the Smart Grid
Based on the designed dimensions of a smart grid, polyvinyl chloride (PVC) formwork
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was fabricated. Thin plastic film was laid at the bottom of the PVC formwork, and cementitious
mortar was cast on top of the plastic film. Optical fibers were embedded in the mortar near the
top surface. In this study, for simplicity, optical fibers were only deployed in one direction, as
shown in figure 3.4. To avoid shrinkage cracking, the specimen was wet cured. Due to the plastic
film in between, the mortar specimen could be easily demolded from the PVC formwork after
one day of curing.

Figure 3.4 Fabrication of smart grid

Figure 3.5 A smart grid laid on top of fabric sheet
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3.4 Instrumentation of the Smart Grid
Figure 3.6 illustrates the deployment of optical fiber in the smart grid specimen. The
optical fiber was passed through the PVC formwork in a serpentine fashion to maximize the
covered area. Since the optical fiber was in direct contact with the mortar (host matrix), the fiber
was able to sense both strain and temperature changes. To compensate the temperature change,
two lengths were passed through polymer sleeves, as indicated by solid yellow lines, to isolate
the strain change. In each specimen, two distributed sensors were deployed. The two sensors
were closely spaced and parallel to each other.

Figure 3.6 Instrumentation of smart grid

3.5 Materials
Materials and mix design used in this study are listed in Tables 3.1 and 3.2, respectively.
Micro synthetic fiber (Fibermesh 650) was uniformly mixed into concrete as secondary
reinforcement. Local aggregates were used, but the sizes and properties were in accordance with
the proposed design.
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Table 3.1 Materials
Aggregates
Pit No.

Pit Name

Size

Absorption

Gravity

Coarse aggregate

71041

Elk River

#67

0.013

2.69

Fine aggregate

71041

Elk River

Sand

0.009

2.63

Cementitious and Admixtures
Manufacturer/Supplier

Admix Name

Class

Gravity

Cement

Holcim-St. Genevieve

STGBLMO

I/II

3.15

Fly ash

Headwaters-Coal Creek

COVUNND

C/F

2.50

Admix #1

Sika AE260

-

AEA

-

Admix #2

SikaPlastocrete 161

SIPC161

A

-

Admix #3

SikaSikament 686

SIKA686

A

-

Admix #4

SikaViscocrete 2100

SIVIS2100

F

-
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Table 3.2 Mix design
MNDOT mix number

MR3A21-2F

Water

228

Cement

420

70%

Fly ash

180

30%

Total cementitious

600

Agg.

w/cm Ratio

0.38

proportions

Sand

1235

41%

Coarse aggregate #67

1790

59%

Air content

7%

Slump range

1” ~ 4”

Admix #1 dosage range

-

Admix #2 dosage range

0-5

oz/100# CM

Admix #3 dosage range

0-12

oz/100# CM

Admix #4 dosage range

0-6

oz/100# CM

Volume (27 ± 0.1 cf)

27.20

Theoretical unit wt. (lb/cf)

142.6
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Chapter 4 Full-Scale Field Implementation
4.1 Construction
The proposed distributed fiber optic sensing technology and FBG sensors have been
implemented in Minnesota’s Cold Weather Road Research Facility (MnROAD). The layout, test,
and instrumentation of the MnROAD facility parallel to I-94 are briefly introduced in figure 4.1.
The specific site tested is labelled as Cell 40 in figure 4.1.

Figure 4.1 Minnesota’s Cold Weather Road Research Facility (MnROAD)

To construct unbonded pavement overlay, a 3-mm fabric sheet was smoothly laid on top
of the existing pavement, covered with 75-mm thick concrete overlay, and then cut into 1.83 m ×
1.83 m panels after wet curing for 28 days. Concrete pouring was performed using a slipform
paver. The fabricated grid with optical fiber sensors was laid on top of the fabric sheet before the
fabric sheet was covered with concrete overlay, as shown in figure 4.2.
During concrete casting, the grid specimen could be disturbed by lateral force induced by
asymmetric flow of concrete. To prevent potential movement, two pairs of rebar cage were used
to anchor the grid. For the transmission cable that was not embedded in the grid specimen, two
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failure modes may occur: rupture due to either tensile or shear force and macro-bending with
acute angle. Macro-bending with a small radius causes significant signal loss, which can be
detected as a fault equivalent to a break point. To protect it from failure during construction, the
transmission cable was passed through a hose embedded underground. The length that was
neither embedded in the grid specimen nor protected by the hose was attached to the fabric sheet
using tape to avoid potential damage.

Figure 4.2 In-situ construction of unbonded pavement instrumented with smart grid

4.2 Vehicle Loading Test Scenario
The pavement panels were loaded using a fully-loaded truck. The loading scenario is
shown in figure 4.3. At each loading position, Brillouin frequency shifts were measured from the
distributed sensor using the Neubrescope. The strain distributions could thus be obtained by
converting the frequency shift into strain change, using the strain-frequency sensitivity
coefficient determined in chapter 2.
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Figure 4.3 Load distribution of the vehicle

The position of the test vehicle was measured with a measuring tape, as illustrated in
figure 4.4. The center of the contact area between the tire and the pavement was precisely located
and correlated with the location of the optical fiber. The longitudinal direction along the driving
direction was represented by x and the transverse direction was y.

Figure 4.4 Position of the vehicle tire

The contact area usually depends on the inflation of tires, the total weight, and the mass
distribution of the truck. It increases with the decrease of the inflation pressure and with the
increase of the truck weight. Typically, the width of the contact area does not significantly
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change since the width of the tire is fixed. The inflation pressure was 90 ~ 100 psi for each tire of
the vehicle. The contact area between the overlay and substrate was approximately 12×20 cm2.
4.3 Test Results and Discussion
When loaded repeatedly by the truck, the overlay experienced a crack, as illustrated in
Figure 4.5. With a measurement tape, the location of the crack was determined and correlated
with the distributed fiber optic sensors, as shown in figure 4.5. The crack passed through the
distributed sensors. The intersections were marked by circles and named as “C1-1,” “C1-2,”
“C1-3,” and “C1-4.”

Figure 4.5 Relative position of the transverse crack and the distributed sensors

Figure 4.6 shows the measured strain distributions from the two closely-spaced
distributed sensors. The strain distributions from the two sensors were in good agreement. The
crack can be identified from the strain distributions as sharp peaks.
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Figure 4.6 Relative position of the transverse crack and distributed sensors

4.4 Summary
The distributed fiber optic sensor was successfully implemented in the Minnesota’s Cold
Weather Road Research Facility (MnROAD). Unbonded pavement overlay was instrumented
with distributed sensors. The overlay was repeatedly loaded using a truck. Crack in the overlay
was successfully detected by the distributed sensors.
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Chapter 5 Numerical Simulations
5.1 Modelling
Numerical simulations were carried out with the software ABAQUS to further
understand the behaviour of the in-situ unbonded pavement overlays under truck loading. Since
the overlay panels instrumented were identical in theory, only one panel was selected, as
illustrated in figure 5.1. The dashed lines in figure 5.1 represent the cut lines between adjacent
panels. The longitudinal and transverse directions of the pavement overlay are defined as x-axis
and y-axis, respectively. The point line represents the rest of the test truck that includes another
two axles. According to figure 4.3, Axle 1 and Axle 2 represent the heaviest single and double
wheels, respectively. Axle 1 corresponds to 2 wheels, and Axle 2 corresponds to four wheels.

Figure 5.1 In-situ layout of unbonded pavement overlays
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A three-dimensional finite element model was established with the consideration of
nonlinear contact between the substrate concrete and the overlay, as shown in figure 5.2. The
axis z represents the vertical direction (downward). Since the overlay is not mechanically bonded
to its substrate, the interface can transfer compression, but not tension in vertical direction.
Under external loads, the overlay can potentially be separated from the substrate.

Figure 5.2 Finite element model of the pavement: (a) single wheel load and boundary
conditions, (b) meshing with a single wheel load, (c) double wheel load and boundary
conditions, and (d) meshing with a double wheel load

The axle loads are transferred through tires that are in direct contact with the overlay.
Thus, the wheel loads can be simulated using pressure on tires. Strictly speaking, the pressure is
not uniform over the tire and its distribution varies with many parameters, such as the type and
inflation pressure of the tire. However, the range in pressure distribution is expected to change
little of the strain distribution in the pavement. Hence, for simplicity, the pressure is considered
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to be uniform in this study. The contact area was measured to be 12×20 cm2. According to figure
4.3, the contact pressures corresponding to Axles 1 and 2 were taken be 0.53 and 0.21 MPa,
respectively.
For material properties, the concrete substrate and overlay have a density of 2500 kg/m3,
the Young’s modulus of 2.6 GPa, and a Poisson’s ratio of 0.25. The rubber tire has the Young’s
modulus of 10 MPa, and the Poisson’s ratio of 0.49. The element type used in this model was
C3D8R in ABAQUS, an 8-node linear brick element with reduced integration. The meshing size
was 2 cm. The entire model has 67,000 elements.
5.2 Loads
Four load cases, illustrated in figure 5.3, were investigated to combine two loading
positions and two types of wheel: single-wheel load at center and edge, and double-wheel load at
center and edge. The single-wheel load corresponds to Axle 1, which is the front axle. The
double-wheel load corresponds to Axle 2, which is the heaviest rear axle.

Figure 5.3 Load cases with single- and double-wheels at center and edge

5.3 Simulation Results and Discussion
5.3.1 Single-Wheel Load at Center
Figures 5.4(a) through (d) show the normal stress in overlay concrete when subjected to a
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single-wheel load at center of the overlay. The bottom center zone is in tension with the
maximum tensile stress of approximately 0.17 MPa, which is 32% of the applied tire pressure
(0.53 MPa).

(a)

(b)

(c)
(d)
Figure 5.4 Normal stress at contact face (bottom) of overlay: (a) maximum principal, (b)
longitudinal, (c) transverse, and (d) vertical

Figures 5.5(a) to (d) present the corresponding normal strains at contact face or bottom of
the concrete overlay. The bottom center zone is in tension, which is consistent with the stress
distribution shown in figure 5.4. The maximum tensile strain is approximately 89 με. Near the
tensile zone are two compression strain zones in the longitudinal and transverse directions,
respectively. The maximum compressive strain in each direction is approximately one half of the
corresponding tensile strain. For example, as shown in figure 5.5(b), the maximum tensile strain
is 88 με and the maximum compressive strain is 44 με.
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(a)

(b)

(c)
(d)
Figure 5.5 Normal strain at contact face (bottom) of overlay: (a) maximum principal, (b)
longitudinal, (c) transverse, and (d) vertical

Figures 5.6(a) and (b) respectively show the contact status and the opening width
between the overlay and its substrate. As shown in Figure 5.6(a), the overlay is not in direct
contact with the substrate near to the center of overlay (in blue). Potential separation at the
interface face is due to the effect of wheel load. As illustrated in Figures 5.7(a) and (b), the wheel
load results in a concave upward deformation around the loading tire. Without the self-weight of
overlay, the areas other than the localized contacting area are separated from the substrate, as
indicated in figure 5.8. However, the self-weight of overlay can counteract the bending effect of
wheel load, as illustrated in figure 5.7(b).
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(a)
(b)
Figure 5.6 Contact behavior under combined wheel load and concrete weight:
(a) contact status, and (b) opening width

Figure 5.7 Separation mechanism of unbonded overlay (not in scale): (a) under wheel load
alone, (b) under combined wheel load and self-weight

Figure 5.8 Contact behavior in the vertical direction of overlay under wheel load alone: (a)
contact status, and (b) opening distance

The opening causes a non-uniform distribution of contact pressure, as shown in figure
5.9. The non-uniform distribution gives a higher maximum contact pressure. With a 0.53-MPa
tire pressure applied, the maximum contact pressure is 0.32 MPa, which is about 61% of the
applied stress. This reduction is due to the load distribution via the overlay concrete.
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(a)
(b)
Figure 5.9 Contact pressure: (a) in the substrate, and (b) in the overlay

Figures 5.10(a) and (b) show the shear stress distribution at the contact surface, which
results from the friction at the contact faces.

(a)
(b)
Figure 5.10 Shear stress distribution at contact face (bottom) of substrate: (a) in the longitudinal
direction, and (b) in the lateral direction

Figures 5.11(a) and (b) show the distribution of overlay’s slippage at the contact surface.
The slipping only occurs in the vicinity of the loading area. The friction makes the slippage
decrease rapidly and hence negligible at the center to the edges.
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(a)
(b)
Figure 5.11 Slipping at contact face (bottom) of overlay: (a) in the longitudinal direction, and (b)
in the lateral direction

Figures 5.12(a) to (d) show the normal stress in substrate concrete. Similar to the overlay,
the stress in the substrate concrete is localized near the loading area. Compared to the overlay,
the maximum normal stress is 0.017 MPa in substrate, which is approximately 10% of 0.17 MPa,
the maximum normal stress in overlay. This is due to the separation between the overlay and
substrate since it isolates the strain transfer at the interface to some degree. At the interface, only
a very small portion of the deformation can be transferred from overlay to substrate concrete via
friction. However, much more compression can be transferred. The magnitude of maximum
compressive stress in substrate concrete reaches 0.31 MPa, which is about 57% of 0.54 MPa or
the magnitude of maximum compressive stress in overlay. The decrease from 0.54 to 0.31 MPa
is due to load distribution effect via the overlay.
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(a)

(b)

(c)
(d)
Figure 5.12 Normal stress at contact face (top) of the substrate: (a) maximum principal, (b)
longitudinal, (c) transverse, and (d) vertical

Figures 5.13(a) to (d) show the normal strain in the substrate concrete, which are in
agreement with the results shown in figures 5.12 (a) to (d).
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(a)

(b)

(c)
(d)
Figure 5.13 Normal strain at contact face (top) of the substrate concrete: (a) maximum principal,
(b) longitudinal, (c) transverse, and (d) vertical

5.3.2 Single-Wheel Load at Edge
Figures 5.14(a) to (d) show the normal stress in the overlay. The center of the overlay is
in tension at the bottom with a tensile stress of 0.41 MPa or 77% of the applied pressure 0.53
MPa.
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(a)

(b)

(c)
(d)
Figure 5.14 Normal stress at contact face (bottom) of the overlay: (a) maximum principal, (b)
longitudinal, (c) transverse, and (d) vertical

Compared with the overlay loaded by a single-wheel load at center, the maximum
principal stress is increased from 0.17 to 0.41 MPa. The significant increase is mainly due to the
decrease of contact area under the loading area. When the wheel load is transferred from top to
bottom of the overlay panel, the load is distributed with a spread angle, and thus the contact area
is increased. Since the wheel load is distributed over the contact area, the increase of area
reduces the maximum contact pressure. However, when the tire is acted along the edge, there is
insufficient area for full distribution of the wheel load. Therefore, the maximum contact pressure
is increased.
Figures 5.15(a) to (d) show the normal strain in the overlay concrete. The center of the
overlay is in tension at the bottom with a tensile strain of 174 με.
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(a)

(b)

(c)
(d)
Figure 5.15 Normal strain at contact face (bottom) of the overlay: (a) maximum principal, (b)
longitudinal, (c) transverse, and (d) vertical

Figures 5.16(a) and (b) show the contact status and the contact pressure, respectively. The
overlay is not in direct contact with the substrate in the vicinity of the center. Although the selfweight of overlay panel tends to limit the opening width, the wheel load is dominant, resulting in
significant opening.

(a)
(b)
Figure 5.16 Contact behavior in the normal direction: (a) contact status, and (b) contact pressure
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Due to opening, the vertical load is resisted by a localized area only, which increases the
contact pressure. With a 0.53-MPa tire pressure applied, the maximum contact pressure is 0.65
MPa, as shown in figure 5.16(b). It is about 123% of the applied stress and over twice the contact
pressure (0.32 MPa) when the load is applied at the center, shown in figure 5.9(b).
The vertical displacement and the opening width at interface of the overlay and its
substrate are shown in figures 5.17(a) and (b), respectively. It is confirmed that the overlay is
separated from the substrate under combined wheel load and concrete weight. Figures 5.18(a)
and (b) show the shear stress distribution at the contact surface resulting from the friction effect.
Figures 5.19(a) and (b) show the distribution of overlay’s slippage at the contact surface.

(a)
(b)
Figure 5.17 Response of the substrate: (a) vertical displacement (×1000), and (b) opening width

(a)
(b)
Figure 5.18 Shear stress distribution at contact face (bottom) of the overlay: (a) longitudinal, and
(b) transverse
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(a)
(b)
Figure 5.19 Slipping at contact face (bottom) of the overlay: (a) longitudinal, and (b) transverse

Figures 5.20(a) to (d) show the normal stress in the substrate concrete when loaded to a
single-wheel load at edge. The maximum principal stress is approximately 0.031 MPa or 8% of
the maximum principal stress in the overlay (0.38 MPa). The maximum compressive stress is
0.61 MPa, which is approximately 79% of 0.77 MPa, the maximum compressive stress in the
overlay.
The substrate is subjected to higher stress when loaded at edge due to the reduction of
contact area than that when loaded at center. Specifically, the maximum principal stress is
increased from 0.017 when loaded at center to 0.031 MPa when loaded at edge.
Correspondingly, and the maximum compressive stress is increased from 0.31 to 0.61 MPa.
Figures 5.21(a) to (d) show the normal strain in the substrate concrete, which are consistent with
the stresses shown in figure 5.20.
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(a)

(b)

(c)
(d)
Figure 5.20 Normal stress in the substrate: (a) maximum principal, (b) longitudinal, (c)
transverse, and (d) vertical

(a)

(b)

(c)
(d)
Figure 5.21 Normal strain in the substrate: (a) maximum principal, (b) longitudinal, (c)
transverse, and (d) vertical
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5.3.3 Double-Wheel Load at Center
Figures 5.22(a) to (d) show the normal stress in the overlay concrete subjected to singlewheel loads at center. The bottom of the overlay at center is in tension with a tensile stress of
about 0.076 MPa, which is 36% of the applied stress 0.21 MPa. Correspondingly, Figures 5.23(a)
to (d) show the normal strain in the overlay concrete. The bottom of the overlay at center is in
tension with a tensile strain of about 38 με.

(a)

(b)

(c)
(d)
Figure 5.22 Normal stress at contact face (bottom) of the overlay: (a) maximum principal, (b)
longitudinal, (c) transverse, and (d) vertical
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(a)

(b)

(c)
(d)
Figure 5.23 Normal strain at contact face (bottom) of the overlay: (a) maximum principal, (b)
longitudinal, (c) transverse, and (d) vertical

Figures 5.24(a) and (b) show the contact status and the vertical displacement,
respectively. Except for the center area under wheel loads, the overlay is not in direct contact
with the substrate. The mechanism of the opening is illustrated in figure 5.7.

(a)
(b)
Figure 5.24 Contact behaviour between the overlay and its substrate: (a) contact status, (b)
vertical displacement
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Figures 5.25(a) and (b) show the opening width and the contact pressure, respectively.
The edges go upward relative to the substrate with a maximum separation distance of about 0.02
mm. The maximum contact pressure is 0.13 MPa, which is about 62% of the applied stress. This
reduction is due to the load distribution via the overlay concrete.

(a)
(b)
Figure 5.25 Contact behavior in normal direction: (a) contact opening width, and (b) contact
pressure

Figures 5.26(a) and (b) show the shear stress distribution at the contact surface, which
results from the friction. Correspondingly, figures 5.27(a) and (b) show the distribution of
overlay’s slippage at the contact surface.

(a)
(b)
Figure 5.26 Shear stress distribution at contact (bottom) face of substrate: (a) longitudinal
direction, and (b) lateral direction
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(a)
(b)
Figure 5.27 Slipping at contact face (bottom) of the overlay: (a) longitudinal, and (b) transverse

Figures 5.28(a) to (d) show the normal stress in the substrate concrete when the overlay is
subjected to a double-wheel load at center. The maximum principal stress is approximately 0.009
MPa, which is about 12% of the maximum principal stress in the overlay (0.076 MPa). The
maximum compressive stress is 0.13 MPa, which is about 54% of the maximum compressive
stress in the overlay (0.24 MPa). Figures 5.29(a) to (d) show the corresponding normal strain in
the substrate concrete.

(a)

(b)

(c)
(d)
Figure 5.28 Normal stress at contact face (top) in the substrate: (a) maximum principal, (b)
longitudinal, (c) transverse, and (d) vertical
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(a)

(b)

(c)
(d)
Figure 5.29 Normal strain at contact face (top) of the substrate: (a) maximum principal, (b)
longitudinal, (c) transverse, and (d) vertical

5.3.4 Double-Wheel Load at Edge
Figures 5.30(a) to (d) show the normal stress in the overlay concrete when subjected to a
single-wheel load at edge. The bottom of the overlay at edge is in tension with a tensile stress of
approximately 0.16 MPa, which is about 76% of the applied stress 0.21 MPa.

54

(a)

(b)

(c)
(d)
Figure 5.30 Normal stress at contact face (bottom) of the overlay: (a) maximum principal, (b)
longitudinal, (c) transverse, and (d) vertical

Figures 5.31(a) to (d) show the normal strain in the overlay when subjected to a singlewheel load at edge. The bottom of the overlay is in tension with a tensile stress of approximately
38 με.
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(a)

(b)

(c)
(d)
Figure 5.31 Normal strain at contact face (bottom) of the overlay: (a) maximum principal, (b)
longitudinal, (c) transverse, and (d) vertical

Figures 5.32(a) and (b) show the contact status and the contact pressure, respectively.
Except for the edge area under wheel loads, the overlay is not in direct contact with the substrate.
Figures 5.33(a) and (b) show the vertical displacement and the contact opening width,
respectively.

(a)
(b)
Figure 5.32 Contact behavior of the overlay: (a) contact status, and (b) contact pressure.
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(a)
(b)
Figure 5.33 Contact behavior in normal direction: (a) vertical displacement, and (b) opening
width

Figures 5.34(a) and (b) show the shear stress distribution at the contact surface resulting
from friction. Correspondingly, Figures 5.35(a) and (b) show the distribution of overlay’s
slippage.

(a)
(b)
Figure 5.34 Shear stress distribution at interface: (a) longitudinal, and (b) transverse

(a)
(b)
Figure 5.35 Slipping at interface: (a) longitudinal, and (b) transverse
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Figures 5.36(a) to (d) show the normal stress in the substrate concrete when the overlay is
subjected to a double-wheel load at edge. The maximum principal stress is approximately 0.017
MPa, which is about 10% of the maximum principal stress in the overlay (0.17 MPa). The
maximum compressive stress is 0.25 MPa, which is about 81% of the maximum compressive
stress in the overlay (0.31 MPa).

(a)

(b)

(c)
(d)
Figure 5.36 Normal stress of the substrate: (a) maximum principal, (b) longitudinal, (c)
transverse, and (d) vertical

Figures 5.37(a) to (d) show the normal strain in the substrate concrete when the overlay is
subjected to a double-wheel load at edge.
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(a)

(b)

(c)
(d)
Figure 5.37 Normal strain of the substrate: (a) maximum principal, (b) longitudinal, (c)
transverse, and (d) vertical

5.4 Summary
Numerical simulations are carried out to determine the stress and strain distributions in an
unbonded pavement system under different loading cases. The primary findings are summarized
below:
(1) The bottom of the overlay under the wheel loads is subjected to tension. The
maximum principal stress is approximately 32~36% of the pressure applied on the
tire at center of the overlay, and 76~77% of the pressure applied on the tire at edge.
(2) The maximum principal stress in the substrate is tensile, and its magnitude is
approximately 8~12% of the maximum principal stress in the overlay. Under loads at
center, the maximum compressive stress in the substrate is approximately 54~57% of
that in the overlay. Under loads at edge, the maximum compressive stress in the
substrate is approximately 76~79% of that in the overlay.
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(3) The distribution of contact pressure between the overlay and its substrate concrete is
not uniform. The area under wheel loads is subjected to high pressure while the other
area is either zero or close to zero. Except for the area under wheel loads, the other
area is not in direct contact with the substrate.
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Chapter 6 Laboratory Study on Dislocation of Bonded Concrete Overlay
6.1 Introduction
Concrete pavement overlays can be used as a time-saving and cost-effective alternative
for replacement of existing pavement. For a pavement in good condition, a thin concrete layer
can be cast on top to increase the pavement thickness. However, for a pavement with cracks and
significant deterioration, the thin overlay is vulnerable to reflection cracks. In that scenario,
unbonded pavement overlay can be considered for minimum impact by existing cracks in
substrate, which is the subject investigated in chapters 3 through 5.
Besides the reflection crack in substrate, temperature gradients and differential volume
changes can cause cracking in overlay. For bonded overlays, the substrate restrains the
deformation of overlay associated with shrinkage-induced volume change since the volume of
the existing substrate is relatively stabilized. Thus, there are tensile strains induced in the overlay
and at the interface between old and new concrete, resulting in cracks and delamination (Lange
and Shin 2001, Shin and Lange 2004, Shin and Lange 2012).
In the past two decades, ultra-high performance concrete (UHPC) has gained increasing
interest in the research community due to its high mechanical strengths, low permeability that
leads to good durability, and excellent workability. The superior mechanical properties make it
promising for fabricating ultra-thin overlays for reconstruction or rehabilitation of highway
roadway. However, the shrinkage-induced strain could be problematic due to its potential
cracking issues caused by autogenous or drying shrinkage. Although fibers can be used to
increase the tensile strength and thus improve the cracking resistance, delamination at interface
can result in curling and thus eventually lead to failure of the overlay due to external wheel loads
or temperature effects (Lange and Shin 2001, Shin and Lange 2004, Shin and Lange 2012).
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Identification of cracks and delamination at early age enables timely and cost-effective
renovation and thus significantly extends the service life of the pavement. In the literature, a
variety of delamination detection technologies based on optical fiber have been proposed due to
their advantages, such as immunity to electromagnetic interference (EMI), compactness, light
weight, resistance to harsh environment, multiplexing ability, and distributed sensing ability.
According to the spatially sensing range, fiber optic sensors can be categorized into point or
localized sensors and distributed sensors. A point sensor gives a reading that represents the
overall effect over its gage length. However, a distributed sensor allows continuous measurement
over its entire length. Some point sensors, such as fiber Bragg grating (FBG) and interferometer
sensors, can be multiplexed in series to form a quasi-distributed sensor, which gives readings at
some discrete points. Both point and distributed sensors have been implemented to detect cracks
and delamination in various composites.
FBG sensors have been used to detect cracks or delamination in laminated composites.
For an embedded FBG sensor, a crack or delamination crossing its gratings can result in a nonuniform or differential strain field that causes broadening of the reflection spectrum of the Bragg
gratings in the optical fiber. Based on theoretical or numerical studies, the change of spectrum
can be correlated with the crack width or delamination in the composites (Propst et al. 2010, Ling
et al. 2005, Childs et al. 2008).
A Michelson interferometer sensor was mounted on the surface of unidirectional carbon
fiber-reinforced epoxy composites to detect damage. The response of the interference signal to
either dynamic or static loading was investigated. Through a digital filtering technique, real-time
information comparable to acoustic emission (AE) data could be obtained from the
interferometer output to reflect the presence of damage. However, the location and extent of the
62

damage cannot be obtained (Tsuda et al. 1999).
An embedded Mach-Zehnder interferometer sensor was used to detect delamination in a
composite beam under quasi-impulse loading. Delamination can be identified as a sudden ‘jump’
in magnitude of the normalized integral strain versus load position curve, and the delamination
size and location were evaluated (Leung et al. 2005, Jiang et al. 2009).
However, a large number of sensors are required to monitor cracks or delamination in a
relative large area since the location of cracks and delamination cannot be predicted accurately.
In addition, the requirement for many sensors could be cost prohibitive in practical applications.
In this sense, a distributed fiber optic sensor may be a good alternative.
Optical fiber was embedded in composite tubes to detect impact damage with Rayleigh
scattering-based optical time domain reflectometry (OTDR) technology. The optical fiber was
directly incorporated into filament-wound tubes during manufacturing, and ruptured when they
experienced a direct impact. The rupture of the optical fiber can result in significant attenuation
of the transmitted light. By measuring the change of transmitted light intensity due to the impact
event, the damage state can be indicated. However, since this method relies on the break of
optical fiber, once damage is detected by an optical fiber, the fiber will not be able to sense the
damage occurring at a further distance (Martin et al. 1997).
Brillouin optical time domain reflectometry (BOTDR) and Brillouin optical time domain
analysis (BOTDA) technologies have been developed based on Brillouin scattering in optical
fiber, which allows simultaneous measurement of strain and temperature changes. Since BOTDR
is based on spontaneous Brillouin scattering, both incident and backscattered signals are at the
same end, and thus it only needs one-end measurement. However, BOTDA is based on
stimulated Brillouin scattering. The pump and probe waves are input from two ends,
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respectively, and thus BOTDA requires two-end measurement. The spatial resolution of the
conventional BOTDR and BOTDA technologies are limited to the order of half a meter, which
makes it challenging to provide satisfactory results for delamination detection. Recently, prepump pulse BOTDA or PPP-BOTDA technology was developed, allowing measurements with
2-cm spatial resolution. Embedded capillary sensors and comparative vacuum monitoring
(CVM) techniques were successfully applied to detect delamination in carbon fiber reinforced
plastic structures (Minakuchi et al. 2012). However, the proposed method largely relied on the
employment of embedded capillary sensors, which makes it inconvenient and costly in practical
applications in the pavement field.
In this study, a delamination detection method is proposed for bonded concrete pavement
overlay systems using telecom grade single mode optical fibers with PPP-BOTDA. A simple
deployment applicable for practical pavement construction is presented, allowing continuous
detection of delamination along the fiber length.
6.2 Specimen and Instrumentation
Concrete pavement specimens instrumented with distributed fiber optic sensors were
designed and fabricated, as shown in figure 6.1. Each specimen was composed of a 200-mmthick substrate layer made of conventional concrete, and a 50-mm-thick pavement overlay made
of UHPC. Table 6.1 gives the composition of the UHPC mixture.
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(a)

(b)

Figure 6.1 Concrete pavement specimen: (a) schematic view (unit: mm), (b) real specimen

Each specimen was instrumented with two types of single mode optical fiber: bare fiber
(BF), as shown in fig 2.4, and fiber with tight buffer (TB), as illustrated in figure 6.2. The tight
buffer is bonded with the outer coating, and thus, deformation can be transferred at the interface
of shear strain. The tight buffer can significantly enhance the mechanical performance of optical
fiber, in particular, shear capacity, ensuring fiber’s survival during brutal operations.

Table 6.1 Composition of the UHPC mixture
Materials

Amount

Cement (kg/m3)

593

GGBS (kg/m3)

546

River sand (0-5 mm) (kg/m3)

704

Masonry sand (0-2 mm) (kg/m3)

298

HRWR (l/m3)

54.2

Water (kg/m3)

173.7

Steel fibers (kg/m3)

156
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Figure 6.2 Single mode optical fiber packaged with tight buffer

The BF and TB sensors were deployed closely in parallel in each specimen, as shown in
figure 6.1(a). The sensors were first installed in a wood formwork in a predetermined pattern,
then cast in part into the concrete substrate, and finally cast into the UHPC overlay after the
substrate was wet cured for 28 days at room temperature. Each distributed sensor passed the
interface between the UHPC and its substrate 16 times, as illustrated in figure 6.3. To
compensate for the temperature effect due to concrete hydration, another BF was loosely passed
through a polymer hose (1-mm inner diameter and 2-mm outer diameter), which was installed
close to and parallel with the other two sensors. Since this BF was not bonded to the polymer
hose, it did not sense the strain change in concrete.
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Figure 6.3 Intersections of optical fiber with UHPC-substrate concrete interface

6.3 Experiments
A Brillouin frequency distribution was measured from each distributed fiber optic sensor
using Neubrescope with PPP-BOTDA, as shown in Figure 6.4. The two ends of each sensor were
connected to the Neubrescope through transmission cables. The measured Brillouin frequency
distribution can be converted into its corresponding strain distribution. Measurements were taken
at various curing ages or 1, 2, 3, 7, 14, 21, and 28 days after the concrete setting.

Figure 6.4 Test setup
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Both autogenous and drying shrinkage-induced strains in the UHPC overlay were
measured in accordance with ASTM standards at different curing ages. The age for measurement
of the autogenous shrinkage was counted from concrete setting, and the age for drying shrinkage
was counted after 3-day wet curing of the concrete.
6.4 Test Results and Discussion
The Neubrescope measures the Brillouin frequency distribution along the length of each
distributed sensor, which can be converted into corresponding strain distribution. Figures 6.5(a)
and (b) show converted strain distributions from the two distributed sensors, respectively. The
horizontal and vertical axes represent the distance along the distributed sensors, and the
measured strain by the sensors. Each figure has four curves corresponding to 1, 3, 7, and 28 days
after concrete setting.
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Figure 6.5 Strain distributions: (a) BF sensor, and (b) TB sensor

It can be observed from figure 6.5 that each curve has multiple sharp peaks that
correspond to delamination points at the interface of UHPC overlay and its substrate. When
delamination occurred, the overlay slightly curled and was separated from its substrate. Since
each fiber optic sensor was embedded and bonded with surrounding concrete, the appearance of
a separation or delamination between the UHPC overlay and its substrate locally stretched the
fiber with a sudden change of strain at the delamination face, which can thus be identified as a
sharp peak in the strain distribution.
Locations of the peaks can be correlated to the intersections of the fiber with the UHPCsubstrate interface, as shown in figure 6.3. Hence, delamination can be located from the
measured strain distribution. Both visible and hidden cracks at the delamination interface can be
detected as long as they passed through the optical fiber. When the distance between two
adjacent peaks is small, the peaks may merge into one peak due to finite spatial resolution. For
example, in figure 6.5(a), the peaks corresponding to P11 and P12, respectively, cannot be
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distinguished.
The onset and propagation of delamination can be detected from a strain distribution. For
instance, in figure 6.5(a), the delamination at P5 appeared in the first day measurement, while no
delamination occurred at P6 at the same time. The delamination could be detected in the third
day measurement, indicating that the delamination at P6 happened between the first and third
days. Furthermore, the increase in magnitude of each peak indicates the widening of a
delamination induced open.
Figure 6.6 shows a concrete specimen after 28-day air curing. A crack can be visibly
observed at the interface between the UHPC overlay and its substrate, proving statements on
delamination based on the measurement results from distributed sensors.

Figure 6.6 UHPC overlay specimen after 28-day air curing
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The delamination resulted from the difference of strain changes in the substrate and
UHPC overlay. After the substrate concrete was air cured for 28 days, most shrinkage finished
and the substrate can then be considered as free of shrinkage-induced strain change after the
UHPC overlay was cast. However, the UHPC was subjected to shrinkage, which induced strain
difference. Figures 6.7(a) and (b) show the autogenous and drying shrinkages in the UHPC,
respectively. At the 28th day, the autogenous and drying shrinkage-induced strains are 253 and
543 με, respectively.
The strain difference in the UHPC and substrate would induce tensile stress at their
interface, which could result in delamination.
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Figure 6.7 Shrinkage induced strains: (a) autogenous shrinkage, and (b) drying shrinkage

6.5 Summary
The delamination phenomenon in UHPC pavement overlay system was investigated and
detected using a cost-effectively distributed fiber optic sensor. Primary findings are summarized
below:
(1) Shrinkage-induced strain can lead to delamination in the UHPC pavement overlay.
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The delamination can occur in the first days after concrete setting.
(2) Distributed fiber optic sensors can be used to detect the delamination of UHPC
pavement overlay system. The delamination can be identified as sharp peaks in the
measured strain distribution by the distributed sensor with PPP-BOTDA. The onset
and propagation of the delamination can be monitored.
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Chapter 7 Conclusions
In this report, both experimental and numerical studies on the strain distribution in both
unbonded and bonded concrete pavement overlays were carried out. Cracks in the concrete
overlay were investigated using distributed fiber optic sensors with PPP-BOTDA measurements.
The strain sensitivity coefficient of the distributed fiber optic sensor was experimentally
calibrated to be 0.0541 MHz/με. The mechanical performance of the optical fiber was evaluated.
The tensile force capacity is approximately 26 N; the ultimate strain limit is approximately
26,000 με (2.6%).
The distributed sensor was successfully applied to measure autogenous shrinkage in
cementitious mortar. The measurement was in agreement with the ASTM standard method. Nonuniform shrinkage was detected by the distributed sensor, and cracks were identified from the
peaks of a strain distribution.
To protect fragile optical fibers, cementitious mortar grids instrumented with optical
fibers, namely smart grids, were designed and fabricated. The smart grids were successfully
implemented in the MnROAD. The overlay was repeatedly loaded using a truck. Crack in the
overlay was successfully detected by the distributed sensors.
Numerical simulations were carried out to analyze the stress and strain distributions in
the unbonded pavement system under different loading scenarios. The bottom of the overlay is
subjected to tension in the area under wheel loads. The maximum principal stress is
approximately 32~36% of the pressure applied on the loading tire at center of the overlay. When
loaded at edge, the maximum principal stress is approximately 76~77% of the pressure applied
on the tire. The maximum principal stress in the substrate is in tension and approximately 8~12%
of the maximum principal stress in the overlay. When loaded at center, the maximum
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compressive stress in the substrate is approximately 54~57% of that in the overlay. When loaded
at the edge, the maximum compressive stress in the substrate is approximately 76~79% of that in
the overlay. The distribution of contact pressure between the concrete overlay and its substrate is
non-uniform. The pressure in the area of wheel loads is equal to the model value applied on the
tire, and the pressure elsewhere is close to zero. When the overlay is subjected to double-wheel
loads, opening would occur between the overlay and its substrate concrete. In that case, except
for the area under wheel loads, all areas are out of contact with the substrate.
Delamination phenomenon in the UHPC overlay system was investigated and detected
using distributed fiber optic sensors. Shrinkage induced strain could lead to delamination in
UHPC pavement overlay. The delamination could occur in the first hour after concrete setting.
Distributed fiber optic sensors can be used to detect the delamination in the UHPC pavement
overlay. The delamination can be identified as sharp peaks in the measured strain distribution,
and the onset and propagation of delamination can be monitored.
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